Three-dimensional (3D) triangular meshes has been widely used in tunnel engineering. This paper proposes an algorithm for unwrapping 3D tunnel lining meshes into straight two-dimensional (2D) meshes to generate a 2D seamless panoramic image of the tunnel lining. The proposed algorithm is divided into three steps. In the first step, the centerline is extracted and the L1-median is used to represent the centerline of the tunnel; in the second step, a centerline constraint, which is linear to ensure that the equations to be solved are also linear, is added to least squares conformal mapping (LSCM) to unwrap the tunnel mesh; and in the third step, a panoramic image of the tunnel lining is obtained through texture projection or image correction. Adding a centerline constraint allows the panoramic image to retain mileage information and global shape. The strict geometric relationship between the 3D mesh and panorama guarantees the panorama's accuracy and realizes the two-way mapping of 2D and 3D data analyses. Moreover, a projection strategy is proposed to efficiently process the multiple tiles and non-manifold tunnel meshes which cannot be unwrapped directly using mesh parameterization algorithms. The experimental results show that centerlineconstrained LSCM (CLSCM), which is suitable for any arbitrarily shaped tunnel lining, can preserve the global shape and local details better than the conventional method and can be extended to unwrap any strip-shaped structured meshes.
I. INTRODUCTION
The past few decades have witnessed the significant achievement of 3D reconstruction. By taking sequence images, we can obtain high-resolution point cloud data of the object surface using structure from motion(SFM) [1] and dense matching techniques [2] . Surface reconstruction techniques can be used to connect point clouds according to certain topological structures to approximate the surface of objects. Texture reconstruction is performed to map sequenced images to 3D meshes. The 3D meshes have been widely applied to tunnel engineering, such as tunnel inspection [3] , building information modeling (BIM) [4] , deformation analysis [5] , and unwrapping 3D images of rock tunnels [6] .
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The 3D mesh of a tunnel is often composed of hundreds of millions of points, faces, and high-resolution texture images. However, analyzing the tunnel directly in 3D space may be challenging. If the 3D tunnel textured mesh can be reduced to a 2D panoramic image and the topological relationship between the points and related properties are preserved, then the data analysis can be simplified. Such a 2D panorama is useful for technical condition evaluation and tunnel lining maintenance [7] . We can correct the sequence image to this layout to form a seamless panoramic image without fitting a specific geometry like [7] , [8] . In addition, for the accuracy of data analysis, it is essential to ensure the global shape and local details of the 2D mesh of the tunnel.
Unwrapping the tunnel lining mesh is a mesh parameterization problem, and considerable computer graphics research has focused on this subject, but fewer works have been performed in the tunnel engineering field. While transforming VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ the 3D coordinates to 2D coordinates, metric distortion is inevitable because the information is almost always lost from a higher dimensional space to a lower-dimensional space. Only some developable surfaces, such as cylinders and cones, can be converted from 3D to 2D without metric distortion [9] . Therefore, the core problem is to construct a specific energy function to minimize metric distortion. Reference [6] explored two methods to unwrap tunnel mesh: least-squares conformal mapping (LSCM) [10] and angle-based flattening (ABF,ABF++) [11] . These two methods generate twisted shapes and are not intuitive to interpret. Reference [12] proposed a nonlinear local/global algorithm (ARAP) that can preserve the shape of the tunnel mesh, but the algorithm is time consuming for meshes with hundreds of millions of points. There are algorithms that find a cone singularity based on the conformal mapping [13] , [14] to reduce distortion, and other algorithms for improving algorithm efficiency of mesh parameterization [15] - [17] . But the above mesh parameterization method is usually applied for a manifold surface, and the engineering data are often non-manifold and multipletiles data, which poses a challenge to the unwrapping of the tunnel mesh. In addition, the mileage information is important in the actual engineering, because we need to find the accurate location of the disease, or mark the location of the tunnel appendage. The centerline is a common means of indicating mileage, but the existing mesh parameterization methods don't take into account the centerline, resulting in error in mileage information. And there is no guarantee that the tunnel will be straight after the being unwrapped, which is preferred in engineering, because most of these methods only concerned with the distortion. The image stitching method can produce a similar twodimensional layout map [7] , [8] , [18] - [21] and it first uses the camera to capture the sequence image of the tunnel lining and then uses the image stitching algorithm [22] - [25] to stitch them together. The layout plan based on this method has rich information. Because of the presence of parallax between the captured images, direct stitching can result in local seams and global distortions. Reference [7] , [8] firstly estimated the shape of the tunnel using a sparse point cloud (generated by SFM [1] , and the image must be corrected to this geometry. Finally the images are stitched together. This algorithm can reduce the stitching seam caused by parallax. However, tunnels with complex shapes, such as different radiuses, newly dug construction, etc., cannot be described by a specific geometry which limits the scope of the algorithm. And there is no strict geometric relationship between the layout plan and the 3D mesh which leads to that the 2D analysis cannot be mapped to the 3D space.
This paper proposes a 3D mesh parameterization algorithm driven by a centerline to transform the arbitrarily shaped tunnel mesh into a planar domain and minimize the distortion of the global shape and local details of the tunnel mesh. Based on centerline-constrained least-squares conformal mapping, it only needs to solve a linear equation to ensure the efficiency of the algorithm. We directly mapped the 3D textured mesh to an image to get a seamless panorama of the tunnel lining. If multi-tile non-manifold models are not considered, our algorithm is almost entirely automatic. Additionally, we propose a projection strategy to efficiently unwrap the multiple-tiles and non-manifold tunnel meshes. There are three contributions: 1) We use the centerline as a mesh parameterization constraint to unwrap the 3D tunnel, and it is suitable for any strip-shaped mesh surface. The centerline plays a significant role in straightening the tunnel to ensure that the unfolded mesh is straight and adding cross-section constraints ensures that the local details, global shape and mileage information of the tunnel can be preserved.
2) After mapping the texture of the original mesh to the 2D mesh and then mapping it to images at a specific resolution, a seamless panoramic image of the tunnel lining can be obtained. Texture reconstruction algorithms map sequence images to mesh surfaces according to strict geometric relations to form a kind of image mosaic in 3D space, which prevents the problem of ghosting artifacts caused by parallax in image stitching. Thus, the resulting panorama is basically seamless, and most of the data analysis on this panoramic image can be mapped to 3D space.
3) We used a projection strategy in conjunction with the CLSCM to unwrap multi-tile and non-manifold meshes, which broadens the scope of application of the CLSCM algorithm.
The rest of the article is structured as follows. Section 2 introduces some related works about generating 2D layout plan of the tunnel lining, including mesh parameterization methods, image stitching methods, etc. Section 3 describes the proposed method in detail, including centerline extraction, LSCM, CLSCM, mesh straightening, and mesh projection. Section 4 reports the experimental results and analysis. Finally, Section 5 presents some remarks and our conclusions.
II. RELATED WORKS
Currently, there are four categories for constructing 2D tunnel lining layout plans. The first method is to draw an abnormal position layout map by visual inspection on site. This method is useful and straightforward, although it consumes considerable human resources and the accuracy is low.
The second category, which is used in the field of computer graphics, is mesh parameterization. Given any two surfaces with similar topologies, it is possible to compute a oneto-one mapping between them. If one of these surfaces is represented by a triangular mesh, then the problem of calculating this mapping is called mesh parameterization [26] . Unwrapping a 3D tunnel mesh as a 2D mesh is a mesh parameterization problem, but if we do not take into account some constraints, the direct unwrapping of the tunnel mesh based on existing algorithms will result in substantial distortions, a loss of details, or the inability to maintain the global shape of the tunnel. Reference [6] analyzed the applicability of two parameterization algorithms (LSCM) [9] and (ABF, ABF++) [10] ), and these algorithms exhibited twisted shapes and were not intuitive to interpret. Instead of improving them, the authors [6] proposed a mesh deformation and projection algorithm that is reasonably intuitive to unwrap the 3D mesh as a 2D mesh. However, since mesh deformation and projection require many user interactions and expertise, this method results in a low degree of automation and massive distortion. Reference [12] introduced a shape-preserving method based on an iterative energy minimization process. It first uses Harmonic Parametrization (HP) [27] or LSCM to initialize the results. The steps alternate between local optimization techniques to find local mapping and global splicing techniques equivalent to linear system resolution to ensure that the mesh is triangulated. The generalization of the local optimization formula introduces the scalar coefficient λ, which allows the user to balance the angle and shape distortion. A nonlinear algorithm similar to ARAP is computationally expensive and not ideal for processing large collections involving thousands of meshes. Processing a mesh with 11,364 points and 21,811 triangles, ARAP consumes 94.56 seconds, which is 436 times that of LSCM (tested using CGAL [28] . In the context of conformal parameterization, finding a cone singularity is an effective way to reduce distortion. Reference [29] first reduced the distortion by manually placing the cone singularity and adjusting the cone angle. Similar to [30] , reference [31] use an iterative algorithm to calculate cone singularities, including number, position, and size. Reference [32] used curvature to find the cone singular point, and obtained the conformal parameterized scaling factor by solving the Yamabe equation, adding new singular points incrementally each time until the difference of the scaling factor is at a given threshold. Reference [13] , [14] studied the problem of how to find the optimal cone singularity from different angles. However, their optimal cone singularity method is affected by some parameters that are not interpreted intuitively. When using the default value of this method, some important vertices are missed (see Figure 15 in the paper). The purpose of these excellent algorithms is to minimize the distortion of the mesh and most of them only apply to manifold meshes. But the unwrapped tunnel mesh in engineering must be straight and retain mileage information which means it is not appropriate to directly use these algorithms to unwrap the tunnel mesh.
The third category is based on image stitching [21] , [33] , [34] . The information obtained by this method is the most abundant and intuitive. The stitching algorithms generally use the global homography matrix, bundle adjustment, and multiband blend [23] . To improve the efficiency of image-matching, reference [21] proposes an image-matching method which relies on the curvatures of the cost curve at candidate matching points. To select a better image sequence and compose a panorama, reference [19] filters out the blurred video frames, selects the key frames and corrects the lens distortion from the perspective of image preprocessing. Because of the existence of parallax between images, if the camera is not concentric or the shooting scene is not in the same plane, ghosting and image deformation are inevitable, and it is theoretically impossible to obtain an utterly seamless mosaic. As the length of the tunnel increases, errors accumulate, which significantly distort the panorama [8] . Based on a novel estimation technique called Moving Direct Linear Transformation (Moving DLT), reference [24] seamlessly bridges image regions that are inconsistent with the projective model, but it still address small parallax. Therefore, to reduce errors, the images need to be pre-corrected. The solution is 3D shape estimation, which first uses SFM to recover a sparse 3D point cloud and then uses the point cloud to determine the projection surface for image rectification [7] , [8] . However, with an increase in the length of the tunnel, there must be segmented processing; otherwise, error accumulation can cause substantial distortion [6] ; thus, the solution is not suitable for constructing a long layout panorama at once. These two-dimensional images are not bidirectional mapping; therefore, any analysis of the image cannot be mapped to the 3D position in the real world.
The fourth category is tunnel scanning [44] . Because of its high precision and efficiency, this method is usually advantageous. However, its high price limits its range of applications. If only small tunnels are checked or there are many obstacles in the tunnel, using this device is extravagant and inconvenient.
III. METHOD
There are many state of the art 3D reconstruction algorithms [19] , [20] and software to reconstruct 3d textured models; however, 3D reconstruction is not the focus of our research. After obtaining sequence images of the interior tunnel wall, we use the software, i.e., ContextCapture [43], for 3D model reconstruction and obtain a 3D textured mesh of the tunnel lining.
We use the L1-median skeleton as the centerline of the tunnel. Based on this centerline, the mesh is first straightened, and then the 3D mesh is directly unwrapped to 2D mesh using the centerline-constrained LSCM (details will be described in Section 3.3, Section 3.4). By adding the same texture as 3D mesh to this 2D mesh and mapping it to a 2D image, a seamless panoramic image of the tunnel lining is generated.
Most mesh parameterization methods are for one patch and manifold triangulation [26] . However, the number of tunnel point clouds in production is huge. To facilitate data storage and analysis, the model is usually divided into multiple tiles, which makes tunnel mesh parameterization challenging. Therefore, we introduce a projection strategy to address this problem, and it will be introduced in section-E.
A. CENTERLINE EXTRACTION
The skeleton is a thin centered structure of a shape that jointly describes the topology and geometry of the shape. The skeleton provides an alternative to the classical boundary or volumetric representations, which is especially useful for applications where one needs to reason about and manipulate the structure of shape [35] . A review of skeleton extraction from point clouds has been performed [35] . We extract the L1-median skeleton [36] as the tunnel's actual centerline to guide 3D mesh unwrapping. The L1-median is a powerful statistical tool that can extend the median of a single variable to the median of each variable, and it is robust against noise. Consider the following problem: finding the position of one point x, which is the sum of the minimum Euclidean distances from the other points, is to find the minimum of the following distance function [36] .
In statistics, the solution to this optimization problem is the L1-median proposed by Small [37] . When the points q j | j ∈ J are not collinear, the L1-median is unique [38] . When x is extended to n points, given a cluster of unordered, undirected vertices X = {x i | i ∈ I } ∈ R 3 , the solution obtained by optimizing the following equation (2) is taken as the skeleton of the model [36] . argmin i∈I j∈J
The first term is the local median of the point set Q; the second term R(X ) is a regular term used to normalize the distribution of X ; the term I is the index space of the point to be solved, and the term J is the index space of the point set Q. The weight function θ (r) = exp(−r 2 /(h/2) 2 ) is a fast-decaying smooth function. h represents the radius of the local area and r represents a value in domain. It works well experimentally when we takes 1.5 to 2 times the diameter of the tunnel cross-section. If the value of h is too small, the centerline cannot be accurately extracted; If the value of h is too large, the time spent is increased and the centerline points will aggregate locally as the Figure 2(top) shows.
With the L1-median algorithm, a sparse distribution can be generated, although local areas may exhibit point aggregation, as shown in Figure 2 . To address this problem, we need to add the regular term R(X ).
We use the principal component analysis method to detect the point cloud skeleton line branch (if it exists) and calculate the local and regional covariance matrices of each point x i : The eigenvalue of M i is calculated, λ 0 i ≤ λ 1 i ≤λ 2 i , and
Thus,
where γ i is a balanced constant for the regular term. In our implementation it works well experimentally when we set γ i = 0.35, and it could be set flexibly.
B. LSCM
Conformal maps preserve the local angles and directions [39] . More specifically, let U and V be sub-open intervals of R n , and the directed curve passing through x 0 retains the local angles and orientation at this point, which is referred to as a conformal map. As shown in Figure 3 , a function f mapping the (u, v) domain to a surface is said to be conformal if for each (u, v), the tangent vectors to the iso-u and iso-v curves passing through f (u, v) are orthogonal and have the same norm [10] , which can be written as follows:
LSCM minimizes the angle distortion of the discrete triangulation mesh through conformal mapping. The energy of the discrete triangular mesh can be obtained as formula (7) This method requires some known vertices to obtain a unique solution.
C. CLSCM
In this part, we introduce the least squares conformal mapping with centerline constraints. The key point is how to establish a centerline constraint. As Figure 4 shows, assuming that real tunnel mesh(RM)is one patch and manifold triangulation mesh (Figure 4(a) ), we render a plane α i perpendicular to its centerline L c through vertex P i , and α i intersects L c at a point Q i . The corresponding points of P i and Q i in the result after unwrapping RM(RMP) are P i (u i , v i ) and Q i , respectively. L i is a line perpendicular to L c through P i . For each point P i (u i , v i ) of RMP, there is an equation: a i u + b i v = −c i ; then, the matrix is written as follows:
where M is a matrix n * 2n and n is the number of vertices in the mesh. Then, the problem is to minimize E LSCM under the constraint of formula (8):
The Lagrangian is constructed as follows:
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X can be easily obtained by solving the sparse linear equation using the Eigen [40] library.
D. MESH STRAIGHTENING
The CLSCM algorithm can preserve the details and shape but cannot guarantee that the tunnel is straight ( Figure 5(b) ). However, more often than not, we hope that the 2D mesh is straight. Thus, we straightened the tunnel before performing CLSCM. Shape deformation is often referred to as ''skinning'' in computer animation. The relative rotation of the rigid ''bones'' inside the character is considered to be constraints. The skinning method determines how the surface of the character should move as a function of bone rotation [41] . We consider the centerline of the tunnel as a series of bones. Tunnel mesh is a relatively simple structure. Thus, in this paper, we divide the RM into several segments according to the change in the slope of the centerline, and then we gradually rotate each segment in the same direction to complete the straightening of the tunnel (Figure 5(c) ). Finally, we use CLSCM to unwrap it and get the final straight 2D mesh ( Figure 5(d) ).
E. MULTI-PATCH, NON-MANIFOLD MESH PARAMETERIZATION
CLSCM and most of the mesh parameterization algorithms are only applicable to one patch and manifold triangulation mesh. However, in actual production, the triangulation mesh obtained by the 3D laser or photogrammetry method usually contains multiple patches and is a non-manifold model, which limits the applicable scope of the algorithm. Therefore, we extend the concept of the algorithm. We assume that RM is a non-manifold, a real tunnel model of multiple tiles. First, the individual tunnel model (IM) with manifold geometry of RM was reconstructed with high precision using DP-modeler [42] software. The IM (which is not a specific geometry, such as a cylinder [8] , a sweep [7] , etc., but more of a general surface) is a tunnel mesh with a small quantity of data and high precision that satisfies the CLSCM unwrapping condition. Thus, it can be directly unfolded to obtain the plane triangulation mesh (PM). According to the projection relationship between IM and PM, the RM is sequentially projected to IM and PM, and finally, we can obtain the planar unwrapping map RMP. The specific process is shown in Figure 6 .
1) PROJECTION TO CM
We first project RM to IM. There are many methods for projecting mesh points onto another triangulation mesh, such as the nearest surface algorithm and the nearest point algorithm. We implement the nearest point algorithm (Figure 7) . P is set as the point on the RM; IM is set as the reconstruction model, kdtree is constructed for the point cloud in the IM and point O in IM is found nearest to P. We traverse the triangle plane of O and render the perpendicular line of triangle plane F i through P. Additionally, Q is inside F i . If we cannot find the face, then we project that point onto the nearest triangle plane.
2) PROJECTION TO PM
This step projects RM to PM. F is a triangle on the RM, and F is the corresponding triangle of F on PM. There is a transformation matrix M between them, P = M * P, where = N * Q. P is a point on F, and P is a point on F ; N is the rotation matrix, which can place F horizontally and perpendicular to the z-axis; and Q is an affine transformation matrix, determined by three pairs of points. Then, we can obtain the plane coordinates by performing the transformation P = M * P. A schematic diagram of unwrapping RM into RMP is shown in Figure 6 .
IV. EXPERIMENTS AND RESULTS

A. DATA SETS
Both real tunnel mesh and simulation mesh are used to analyze algorithm. The real tunnel data was obtained by 3d reconstruction using ContextCapture [43] . They consist of vertices, triangle faces, and textures. There are three real tunnel data which include two straight Beijing metro tunnel (Figure 8(b) and Figure 12 ) and the curved Xiaoyadaokou tunnel. We name these there data as BJD1, BJD2 and XYDK respectively. The BJD1 has 25,448 points and 49,955 triangles and is 32.34 m long, 4.3 m wide, 2.23 m high and 4.3 m in diameter. The XYDK has 28,357 points and 55,185 faces and is 100.5 m long and 8.6 m wide. It is 5.0 m high and 8.6 m in diameter. The BJD2 is a multi-tile and non-manifold data. The experimental results of BJD1 and XYDK are shown in Figures 4 and 5 , and the results of BJD2 is shown in Figure 11 and Figure 12 .
In addition, eight simulation data are used for testing. CLSCM work well on these simple real tunnel meshes. However, to fully analyze the algorithm, we used 3ds max to create eight simulation tunnel data with complex shapes to test if CLSCM can work well on a tunnel with complex shapes. The information of the simulation tunnel data is shown in TABLE 1. T1∼T41 represent eight tunnel data with different shape, and the shape is shown in Figure 9 (a). The experimental equipment was a desktop computer with a 64-bit operating system, i7-7700 CPU, 3.6 GHz, and 16-GB RAM. The experimental results of these simulation tunnel data are shown in Figures 9 and 10 . The results of algorithm efficiency are shown in TABLE 2. Figure 8 and Figure 9 (a) show the centerline extraction results of BJD1, XYDK and the simulation data, with the red line representing the centerline. Figure 8(a) shows the result of XYDK, and Figure 8(b) shows a result of BJD1. It can be seen that the centerline of the tunnel is accurately extracted and represents the overall shape of the tunnel. Because the centerline search algorithm is performed to find a point that has the minimum Euclidean distance between all points in its neighborhood and there are no points outside the two ends of the tunnel, the specific range of points at both ends If the curvature of the tunnel is large, there will be errors in the extracted centerline which leads to distortions (As shown in Figure 14 ). However, the L1-median skeleton can represent the centerline of the tunnel globally, which can meet the needs of unwrapping tunnel mesh, because most tunnels do not have a large curvature in order to ensure safe passage. This method can be applied not only to point sets with specific shapes, such as tunnels with cylindrical sections or rectangular cross-sections, but also to arbitrary shapes and arbitrary cross-section point clouds. It can thus be extended to high-speed railway tracks, oil pipelines, etc., which facilitates the widespread applicability of this algorithm.
B. RESULTS
1) CENTERLINE EXTRACTION
2) UNWRAPPING TUNNEL MODEL Figure 9 compares the HP, LSCM, and ARAP methods and our algorithm on eight simulation data. Figure 10 shows the sensitivity of these algorithms to detailed information. LSCM, ARAP, and our method can obtain satisfactory results for the linear tunnels. HP maps the boundaries of the tunnel to a specific shape, so it does not apply to the expansion of the tunnel. However, the obtained result can be used as the initial value of some nonlinear algorithms, such as ARAP, and its algorithm efficiency is the best. LSCM guarantees the minimum angular transformation of all triangles in the global scope and fixes two points without considering the overall shape of the tunnel. The resulting mesh has a large distortion, and the global shape or local detail information basically lost (as shown in Figure 9 (c) and Figure 10(c) ). ARAP first uses HP, LSCM or other methods to unwrap mesh and introduces the parameter λ to balance the angle and the length distortion to obtain an optimal effect iteratively. The global shape and the distortion are the best of four algorithms. However, some of the details are missing (as shown in Figure 10(d) ); the operating efficiency is significantly lower than other algorithms, and the tunnel cannot be mapped to a straight 2d mesh. TABLE 1 shows the point and surface information of the experimental data, and TABLE 2 shows the comparison of the operating efficiencies of the four algorithms. The efficiency of our algorithm and LSCM are on the same order of magnitude, because the equations to be solved are linear. It preserves the global shape (Figure 9(d) ) and the local details ( Figure 10(d) ) by adding the centerline constraint. The best results have been achieved in four algorithms, and the algorithm efficiency is much higher than that of ARAP. It can unwrap the tunnel into a straight line or other shapes as needed depending on the shape of the centerline after it has been mapped to the plane.
The tunnel data in the project is large, and most of the data is multiple tile, non-manifold data. In order to process these data, we used a projection strategy as described in section-III-E in conjunction with CLSCM. Figure 11 is the experimental results. Each yellow grid in the figure represents the data of a tile. Tiles are independent and disconnected. The strict geometric projection relationships ensure seamlessness between each tile which shows that the projection strategy can produce seamless panorama of multi-tile and non-manifold tunnel lining. The disadvantage is that we need to manually reconstruct an individual tunnel mesh based on the original mesh using the software DP-modeler [42] . But the time spent on this part of work is negligible compared to the entire project from 3D reconstruction to generate a panoramic image of tunnel lining.
3) DISTORTION AND LIMITATION
Both large tunnel curvatures and appendages can cause the triangles to overlap and increase the distortion in the unwrapped mesh. Figure 8 shows that L1-median is sensitive to point cloud density. The uneven density of point cloud directly leads to errors in the step of tunnel straightening which cause large distortions or even triangle overlaps (as shown in Figure 12 (d) and Figure 13(e) ). CLSCM is not suitable for tunnels with uneven density or large holes which lead to inaccuracy of the centerline. Therefore, to reduce error, we need to first filter the tunnel with uneven density point cloud and then map it to a tunnel with uniform density or add a density regular term to the centerline extraction algorithm to ensure that we can correctly extract the centerline. The best method is to obtain accurate centerline of the designed tunnel from construction companies in advance. Figure 14 shows the angle distortion of the unwrapped mesh through the checkerboard. The error distribution of the unwrapped mesh is uniform which demonstrates that CLSCM can preserve the global shape and local details, although there will be substantial distortions in places where the fluctuations are large. However it can be seen that if the tunnel model has an appendage or an irregular surface, there will be a problem of overlapping triangle and massive distortion after projecting the RM to the CMP (Figure 12 ). It does not apply to tunnel meshes with many appendages. Therefore, to prevent this problem, the mesh must be modified or smoothed in advance. Figure 15 shows several typical applications of the 2D layout plan. Figure 15(a(right) ) displays the statistics of the overunder-excavation information of a section of tunnel excavated during construction. The different colors represent different over-excavation information. The horizontal axis represents the mileage coordinates, and the vertical axis represents the cross-sectional coordinates. We project the information onto the designed mesh provided by the construction company and unwrap it. Then, we map it to the image. Figure 15(b) shows the disease detection system combined with 2D and 3D data. The top row represents visualization of an image in 3D space with that the background is the 3D model. The bottom row is the seamless panorama of tunnel lining with disease markers which can be easily mapped to 3D space. The background of Figure 15 (c) is the tunnel lining panorama generated by CLSCM. Because some noise is filtered out, and it has useful information, while the foreground is the original image. We map the image to the RM according to its extrinsic and then project the image to the RMP according to the projection relationship between the RM and RMP. It keeps all the information of the original image.
C. SEVERAL APPLICATIONS
V. CONCLUSION
In this paper, we propose a centerline-constrained mesh parameterization algorithm to unwrap a 3D tunnel mesh into a 2D mesh to generate tunnel lining panorama. There are three achievements.
1) By adding the centerline constraint, the global shape and local details of the tunnel are better preserved compared with that of the conventional method; Based on the least-squares conformal mapping, CLSCM only needs to solve a linear equation system, which greatly improves the efficiency of the algorithm.
2) We use the CLSCM algorithm to directly unwrap the 3D textured mesh into a 2D textured mesh; therefore, the tunnel lining panorama can be almost seamless.
3) The projection strategy can easily process multi-tiles and non-manifold tunnel meshes with CLSCM, which is difficult in mesh parameterization algorithms.
The experiments show that CLSCM can not only unwrap the tunnel mesh but also the mesh of any shape and arbitrary cross-section into a 2D mesh, such as road meshes or oil pipeline meshes, and it may be useful in other fields such as road engineering and water supply and drainage, etc. However, the accuracy of the algorithm depends on the accuracy of the centerline, and the tunnel lining mesh often contains a lot of appendages, which leads to the problem of overlapping triangles in the 2D mesh. To address this problem, it is necessary to modify or smooth the mesh in advance to eliminate disorganized data. Moreover, if there is only one energy function to solve the unfolding problem using the centerline constraint, the solution may be more elegant and efficient, and some works about this issue are underway.
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